The M2 protein of influenza A virus, a 97 amino acid integral membrane protein expressed on the surface of infected cells, is covalently modified with long chain fatty acids. The fatty acid bond is sensitive to treatment with neutral hydroxylamine and mercaptoethanol, which indicates a labile thioester type linkage. Thinlayer chromatographic fatty acid analysis of [3H]myristic and [3H]palmitic acid-labelled M2 protein shows that palmitic acid is the predominant fatty acid linked to this polypeptide. Palmitoylation of M2 occurs posttranslationally and causes an upward shift in the SDS-PAGE mobility of the protein.
Besides the well-known spike glycoproteins haemagglutinin (HA) and neuraminidase (NA) (Klenk & Rott, 1988; Lamb, t989) , another virus-encoded integral membrane protein, M2, has been described for influenza A virus-infected cells (Lamb & Choppin, 1981) . M2 consists of an N-terminal domain of 24 amino acids exposed extracellularly, a hydrophobic segment of 19 amino acids which spans the membrane bilayer and a 54 residue cytoplasmic tail . The M2 protein is expressed abundantly at the cell surface, but present in only a few copies in virus particles Zebedee & Lamb, 1988) . The function of M2 during virus replication is not known, but it has been suggested that it is involved in the assembly of progeny virus particles (Zebedee & Lamb, 1988 . M2 is also of interest because influenza virus mutants, which are resistant to the inhibitory effects of amantadine hydrochloride on virus replication, have single amino acid substitutions in the membranespanning segment of this polypeptide (Hay et al., 1985) .
HA and NA are modified during their transport from the endoplasmic reticulum to the plasma membrane through oligomerization, glycosylation and proteolytic cleavage, processes which have important implications for the intracellular transport of the respective glycoproteins or for the infectivity of progeny virus particles (Klenk & Rott, 1980; Webster & Rott, 1987) , whereas for the M2 protein only the formation of a tetramer composed of two disulphide-linked dimers has been reported (Sugrue et al., 1990) .
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0001-0059 © 1991 SGM modification of M2, the covalent attachment of fatty acids. Acylation has been described for many viral and cellular proteins (Sefton & Buss, 1987; Schmidt, 1989; Grand, 1989) . One can distinguish myristoylation, whereby myristic acid exclusively is attached cotranslationally to an N-terminal glycine residue in an amide bond (Towler et al., 1988) , from palmitoylation, which involves the post-translational addition of palmitic acid (Schmidt, 1984) and also the addition of other long chain fatty acids (Veit et al., 1990) to internal threonine/serine (Stoffel et al., 1983) or cysteine residues (Rose et al., 1984; Schmidt et al., 1988; Arumugham et al., 1989) through ester-type linkages. The best characterized examples of palmitoylated proteins are the spike glycoproteins of enveloped viruses (Schmidt, 1989; Grand, 1989) , including HA of influenza virus (Schmidt, 1982) , which is acylated at cysteine residues located in its cytoplasmic domain (Veit et al., 1991) .
To analyse a possible attachment of fatty acids to the M2 protein, MDCK cells infected with influenza A virus [strain Ann Arbor 6/60 (H2N2)] were labelled with [35S]cysteine and [3H]palmitic acid. M2 was immunoprecipitated from cell extracts with the monoclonal antibody 14C2 (Zebedee & Lamb, 1988 ) and subjected to SDS-PAGE and fluorography. The results shown in Fig.  1 revealed that the M2 polypeptide in influenza A virusinfected cells is indeed acylated with long chain fatty acids.
To determine the chemical nature of the fatty acid bond in the M2 protein, i.e. to distinguish between amideand ester-type linkage (Magee et al., 1984) (Zebedee & Lamb, 1988 ) and a slurry of Protein A-Sepharose (30 [.tl) were added to the resulting supernatant, and the mixture was rotated at 4°C overnight. Immunocomplexes were washed four times with RIPA buffer, dissolved in gel loading buffer containing 3~ SDS and 5~ mercaptoethanol, boiled for 2 rain, divided into two aliquots and subjected to electrophoresis on 17.5~ SDS-polyacrylamide gels containing 4M-urea. The gels were fixed (30% acetic acid, 10~ methanol), water-soaked for 15 min, and treated overnight (a) with I MTris-HC1 (pH 7, without NH2OH) or (b) with 1 M-hydroxylamine (pH 7, with NH2OH; Merck). To remove cleaved fatty acids, the gels were then agitated twice for 30min in DMSO and. processed for fluorography with En3Hance (Amersham). Lanes C, uninfected control cells; M, t¢Cqabelled Mr markers (myosin, 200K; phosphorywith neutral h y d r o x y l a m i n e before fluorography. Hydroxylamine cleaves the fatty acids from the M2 protein completely, which shows that M2 contains fatty acids in an ester-type linkage ( Fig. 1) . Furthermore, the [3H]palmitic acid-derived label in the M2 polypeptide is sensitive to boiling with increasing concentrations of mercaptoethanol in the gel loading buffer before S D S -P A G E (Fig. 1 c) . This chemical feature makes a labile thioester-type linkage to cysteine residues more likely than a stable oxyester-type bond to serine or threonine (Schmidt et al., 1988 ; A r u m u g h a m et al., 1989) . Inspection of the published amino acid sequence of the M2 protein from Ann Arbor virus (Cox et al., 1988) shows the presence of three cysteine residues in the molecule. Two of them are located extracellularly and one in the cytoplasmic tail seven amino acids away from the membrane-spanning segment. The latter is a likely acylation site because palmitoylation of cytoplasmic cysteines in the vicinity of the m e m b r a n e bilayer has been described before for the vesicular stomatitis virus G protein (Rose et al., 1984) , E1 of Semliki Forest virus (Schmidt et al., 1988) , the respiratory syncytial virus F protein (Arumugham et al., 1989) , and influenza virus H A (Veit et al., 1991) . Essentially the same results regarding the acylation of the M2 protein and chemical nature of the fatty acid bond have been made on a variety of influenza A virus strains as reported in a paper published shortly before the completion of this work (Sugrue et al., 1990) . Furthermore these authors showed that only the M2 proteins of several equine influenza viruses of the H 3 N 8 subtype are not modified with fatty acids. Interestingly, in these strains the cysteine residue in the cytoplasmic tail of M2 is replaced by a phenylalanine, which supports our assumption that this amino acid is indeed the fatty acidbinding site. To extend our understanding of the acylation of M2, we focused our attention on three topics, not covered in the above mentioned publication: palmitoylation of M2 in virus particles, analysis of the actual protein-bound fatty acid and timing of palmitoylation during maturation of the protein.
To find whether the small amount of M2 in viruses (Zebedee & Lamb, 1988 4) for 5 h. Intracellular M2 (lanes 1 and 2) was immunoprecipitated as described. For the preparation of virus particles (lanes 3 and 4), the culture fluid was removed and clarified from cell debris at 19000 g for 10 min. After the addition of non-labelled carrier virus, virus particles were pelleted through a 30~ sucrose layer onto a 6 0~ sucrose cushion for 1-5 h at 400000 g. The virus band was collected, diluted with 0.1 M-Tris-HC1 pH 7.4 and pelleted for 1 h at 220000g. Virus particles were dissolved in gel loading buffer under reducing conditions and subjected to SDS-PAGE and fluorography. The fluorogram is overexposed to make the small amount of M2 in virus particles visible. M, Mr markers (see Fig. 1 ). Fig. 2 revealed that M2 in virus particles is also modified with fatty acids. Besides M2, four other /3H]palmitic acid-labelled bands are present in purified virus preparations (Fig. 2d) . The two upper ones represent uncleaved HA and the HA2 subunit, which have been described before (Schmidt, 1982 Sugrue et al., 1990) . The possibility can also be excluded that one of the palmitoylated bands corresponds to the comigrating M1, because this protein has been shown to be fatty acid-free (Schmidt, 1982) . Finally, metabolic interconversion of the labelling substrate into [3H]amino acids and their incorporation into proteins can also be ruled out, because the [3H]palmitic acid label of all bands is sensitive to hydroxylamine treatment (not shown). We think, therefore, that the unknown bands are cellular palmitoylated proteins, which copurify with our virus preparations. The presence of palmitoylated M2 in virus particles is consistent with the observation that: M2 is palmitoylated in stoichiometric amounts, that palmitoylated M2 is expressed at the cell surface and that acylation of M2 is a stable modification (Sugrue et al., 1990 ; see also [3H]Fatty acids used for labelling of acylated proteins are often subjected to interconversion into other fatty acid species of different chain length, before being used as acyl chain donors (Schmidt, 1984; Veit et al., 1990) . To analyse the actual protein-bound fatty acids, they were liberated by acid treatment of gel slices containing [3H]myristic or [3H]palmitic acid-labelled M2, extracted with hexane and separated by thin-layer chromatography (TLG). Radiochromatogram scanning of the resulting TLC plate revealed that palmitic acid is the predominant fatty acid species bound to the M2 protein, regardless of whether [3H]myristic or [3H]palmitic acids had been used for labelling (Fig. 3) . Thus, M2 resembles in this respect most other proteins with thioester-linked fatty acids which, with the exception of the HEF protein of influenza C virus (Veit et al., 1990) , are also palmitoylated (Sefton & Buss, 1987; Schmidt, 1984 Schmidt, , 1989 Grand, 1989; Veit et al., 1990) . Careful inspection of the fluorogram in Fig. 1 shows that [35S]cysteine-labelled M2 migrates as a double band during SDS-PAGE, whereas only the upper band is also labelled with [3H]palmitic acid. To determine whether a precursor-product relationship exists between both forms of M2, we carried out pulse--chase experiments with [35S]cysteine. The results shown in Fig. 4(a) indicate that during short pulse-labelling both bands are present, but that the lower band is more prominent. This band is nearly completely converted into the upper band within 20 min of chase. The small amount of the lower band present at 20 and 40 min of chase is probably due to cleavage of some of the covalently linked fatty acids by mercaptoethanol during sample preparation for SDS-PAGE. These results provide evidence that M2 is converted soon after synthesis into a slower migrating form by palmitoylation and that every M2 molecule is modified by fatty acid addition.
To confirm the post-translational character of M2 acylation, we blocked protein synthesis in influenza A virus-infected cells by the addition of cycloheximide prior to [3H]palmitic acid labelling. For this experiment we used a cycloheximide concentration (10 ~tg/ml) which blocks protein synthesis within a few seconds after application by at least 95 ~ (not shown). The incorporation of [3H]myristic acid into myristoylated proteins is immediately stopped by cycloheximide (Magee & Courtneidge, 1985) due to the cotranslational character of this protein modification (Wilcox et al., 1987) , whereas palmitoylated proteins incorporate [3H]palmitic acid for an additional 10 to 20 min (Magee & Courtneidge, 1985; Schmidt & Schlesinger, 1980) . This is true also for the acylation of M2. If cycloheximide and [3H]palmitic acid label are supplied simultaneously for 10 min, the amount of [3H]palmitic acid incorporation into M2 is diminished compared to the control, with no cycloheximide addition (Fig. 4b) . This is in agreement with the above mentioned observation that within 10 min pulse-labelling with [35S]cysteine, the upper acylated band is already present. The [3H]palmitic acid incorporation gradually decreases, if labelling is started 5, 10 and 20 min after cycloheximide addition, and is virtually absent 40 and 60 min after cycloheximide addition.
To relate M2 acylation to the timing of HA palmitoylation, which occurs after trimerization but before Golgilocated trimming of carbohydrate groups takes place (M. Veit et al., unpublished results; Schmidt & Schlesinger, 1980) , we subjected the cell lysates from the same experiment to SDS-PAGE without prior immunoprecipitation to make the HA glycoprotein visible (Fig. 4c) . Incorporation of [3H]palmitic acid into HA after cycloheximide addition coincides well with the incorporation into M2. Assuming that HA and M2 are transported at the same rate to the cell surface , palmitoylation of HA and M2 probably takes place at the same intracellular location.
The function of covalently linked fatty acids in integral membrane proteins is still an enigma. Two recent reports by Schlesinger and coworkers (GaedigkNitschko & Schlesinger, 1990; Gaedigk-Nitschko et al., 1990) cast some light on this problem. These authors showed that the 6K protein of togaviruses, a polypeptide which has many features in common with the M2 of influenza A virus, is acylated at cysteine residues. Furthermore, substitution of acylation sites in infectious cDNA clones of Sindbis virus by site-directed mutagenesis slows down the release of progeny virus particles and leads to the formation of viruses with aberrant morphology. These results suggest a role for the 6K protein and . Since these proteins also contain cysteine residues in the vicinity of the membrane bilayer, palmitoylation of the polypeptide chain and its involvement in virus maturation may also be taken into consideration.
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